Quantum entanglement is a key resource that can be exploited for a range of applications such as quantum teleportation, quantum computation, and quantum cryptography. However, efforts to exploit entanglement in imaging systems have so far led to solutions such as ghost imaging, that have since found classical implementations. Here, we demonstrate an optical imaging protocol that relies uniquely on entanglement: Two polarizing patterns imprinted and superimposed on a metasurface are separately imaged only when using entangled photons. Unentangled light is not able to distinguish between the two patterns. Entangled single-photon imaging of functional metasurfaces promises advances towards the use of nanostructured subwavelength thin devices in quantum information protocols and a route to efficient quantum state tomography.
Introduction. Quantum imaging has yielded many advantages including enhancement of spatial resolution beyond the diffraction limit [1, 2] , sub-shot-noise imaging [3, 4] , ghost imaging [5] [6] [7] [8] [9] , and the ability to image with photons that are never detected [10] . Of particular interest to this study are imaging techniques whereby an image can only be obtained with one photon when a nonlocal measurement is performed on another, namely, ghost imaging, and works concerning the imaging of undetected photons. Both these techniques were originally demonstrated with quantum entangled pairs of photons, and indeed the first impression was that these techniques relied on the unique properties of quantum entanglement and specifically on the nonlocal nature of entanglement that allows for control of a measurement through another measurement performed at a different place and time. However, both of these procedures have since been shown to only depend on correlation measurements that are also possible with classical states of light [11] [12] [13] . Take, as an example, ghost imaging, which is a procedure where an image is formed using a detector that records no spatial information (i.e., a bucket detector) by evaluating the correlations between the bucket detector measurement and a second spatially resolved measurement. Where previously it was thought that this could only be achieved with pairs of photons entangled in the spatial domain, the two photons in fact are only required to share some spatial correlation. Nevertheless, in particular, with reference to ghost imaging, these quantum-inspired techniques have led to a variety of novel imaging methods [14] [15] [16] [17] .
Metamaterials and their two-dimensional counterparts, metasurfaces, have recently started to emerge as a platform that is viable for quantum processing at the single-photon level. The first pioneering works demonstrated that quantum entanglement could be preserved in transmission through a metasurface [18] , followed by evidence that photon indistinguishability could be preserved in passing from photons to plasmons, thus allowing one to perform simple quantum processing steps such as Hong-Ou-Mandel bunching experiments directly on plasmonic chips [19] . Recent experiments have also highlighted how the losses associated with metasurfaces may be harnessed as a resource [20, 21] to thus control the transmitted photon statistics [22] [23] [24] .
Recent advances in metasurface optical design have provided ultrathin devices that are capable of controlling and shaping the optical properties of a light beam, for example, polarization, orbital angular momentum (OAM), and focusing. More complex devices are also possible whereby the output depends on the input properties, for example, the output OAM or an output holographic image can be controlled by varying the input polarization [25] [26] [27] . These approaches have also very recently been extended to the quantum regime, showing generation and control of entanglement at the metasurface [28, 29] .
In the following Rapid Communication, we introduce a quantum imaging protocol that fundamentally depends on nonclassical photon correlations where images are formed only in the presence of entanglement. We show that single photons transmitted through a polarization-sensitive metasurface imprinted with two different patterns can produce clear images (either a star or a triangle) only when a corresponding measurement is performed on its polarizationentangled partner photon. Conversely, in cases where entanglement is not present, a composite image is observed (the sum of both the star and triangle) regardless of any postselection on the photons. Moreover, in general, degrading the photon pair entanglement degrades the quality of the image.
FIG. 1. Polarization-entangled imaging with metasurfaces. Entangled photon pairs are generated within a PPKTP nonlinear crystal surrounded by a Sagnac loop such that it is pumped by two counterpropagating pump beams (controlled by quarter-and half-wave plates) from a 404-nm cw laser. Two wave plates (λ1 and λ2) rotate the polarizations of the pump and SPDC photons, respectively, for one direction around the Sagnac loop. At the polarizing beam splitter (PBS), one photon (the herald) is directed to a polarizer (pol.) while the other (signal) is transmitted through the polarization-sensitive plasmonic metasurface (MS) and detected on an iCCD camera. Before the metasurface, we insert an fiber optical delay line so that the photon arrives on the iCCD when the camera electronic shutter is activated by the herald photon trigger. A half-wave plate placed in front of the metasurface is used to rotate the photon polarization state by 45
• that is equivalent to rotating the metasurface by 45
• . Light is focused onto the metasurface and then imaged onto the iCCD using microscope objectives (not shown in the figure)
Experiment. The experimental setup is shown in Fig. 1 . We generated pairs of photons with orthogonal polarizations at a wavelength of 808 nm by spontaneous parametric downconversion (SPDC) in a type-II periodically poled potassium titanyl phosphate (PPKTP) nonlinear crystal that was pumped by a continuous-wave 100-mW laser at 404-nm wavelength. The polarization-entangled state is generated using a counterpropagating Sagnac interferometer enclosing the PPKTP crystal [30, 31] . The input 404-nm pump laser beam polarization is fully controlled by λ/4 and λ/2 wave plates and is split into two counterpropagating beams at the polarization beam splitter (PBS). Two-wavelength wave plates rotate the polarization of the pump, without affecting the SPDC photon polarization (indicated as λ1) and of the SPDC photons, without affecting the pump polarization (indicated as λ2). We label photons propagating in the two output modes of the PBS herald (upwards) and signal (right). The Sagnac interferometer thus produces an entangled output state from the PBS of the form |H h V s + |V h H s , where the subscripts (h, s) denote the herald and signal photons, respectively. The herald photon is detected with a single-photon avalanche diode (SPAD), the output of which was connected to the external trigger of an intensified-CCD camera (iCCD, ANDOR iStar) and thus heralds the arrival of a photon at the camera sensor. The second photon of the pair, the signal photon, was optically delayed by 40 m of optical fiber (in order to compensate for the electronic delay acquired by the iCCD camera between the trigger arrival and the actual acquisition on the iCCD sensor) before being focused onto the metasurface sample and imaged onto the iCCD sensor by a pair of ×10 objective lenses (not shown for simplicity in Fig. 1) .
In Fig. 2 we show the metasurface that has two different patterns, a star and a triangle, that also act as polarizers, i.e., they only transmit horizontally and vertically polarized light, respectively.
Quantum metasurface theory. In our experiment, we produce photon pairs in two states, a mixed state and a pure state. We produce the mixed stateρ mixed ,
where the herald photon, denoted by a subscript h, travels to the SPAD, and the signal photon, denoted by a subscript s, travels to the iCCD. See Fig. 1 . With classical probabilities 1 2 for the two terms, we produce the pure stateρ pure ,
where we have the same probability amplitude of the signal and herald photons being in the HV state as vice versa, where H and V stand for the horizontal and vertical polarization states of the photon, respectively. In addition, we actually also produce states in which both photons reach the iCCD, and others, where both go to the SPAD; however, our measuring scheme naturally selects the subensemble excluding those, since they do not yield coincidence counts. To model the heralding of a herald photon with a polarizer at some angle φ, we multiply the density matrix with the polarization projection operatorχ and perform a partial trace over the herald photon,
Heralding a photon. After heralding a photon through a polarizer at some angle φ, the (unnormalized) stateρ (s) of the signal photon impinging on the metasurface becomes (for our two states,ρ mixed andρ pure )
where we omitted the s subscripts since at this level we have no herald photon and we only have a signal photon. Passage through metasurface. We model the passage through the metasurface oriented along the angle ξ by the operatorM
where ϑ (ξ ) and ϑ (ξ ) are the position-and polarizationdependent transmission amplitude coefficients of the metasurface for the triangle and star, respectively, when the metasurface is orientated at the angle ξ . See Fig. 2 . Considering only the part (the star part will follow along the same lines), we find that the photon intensity passing through the metasurface is (for our two states, mixed and pure)
O pure = ϑ (ξ )Tr χ ξρ
The expectation value of the final measurement (i.e., the image that is observed on the iCCD camera) is given by O = Tr[ρχ h (φ)M(ξ )], where φ is the herald photon polarizer angle, which can be nonlocally controlled by the measurement process on the "herald" arm of the experiment. Similarly, to Eqs. (7) and (8), the intensity of a signal photon transmitted through a pixel in the region of the metasurface is
To define a visibility, we integrate over the position and normalize the total areas of our signals from both the and regions. The visibility is
and using that O mixed + O mixed = 1/2 and that O pure + O pure = 1/2, we find that the visibilities are
and
Equations (12) and (13) are confirmed by our experiments. See Fig. 3 , where we present the following special cases.
Orienting the metasurface at 45
• , we find that the visibility of the mixed state is constant (zero), and the visibility of the pure state is − sin(2φ). When we orient the metasurface to 0
• , we find that both the pure-and mixed-state visibilities are the same, − cos(2φ). Calculation of the expectation value O reveals that for a mixed (not entangled) state, we will always see a superposition of both the polarization-dependent patterns, i.e., a superposition of a star and a triangle. However, in the presence of a pure quantum state of the form | , imaging only in the presence of a D (or AD) herald photon will selectively image only the AD (or D) metasurface pattern, i.e., the star or triangle alone will become clearly visible without any overlap of the other. Figures 3(a) and 3(b) show the experimental measurements obtained for entangled photons, when selecting D and AD herald photons, respectively. We separately measured the Bell parameter for the photon state used in this experiment to be S = 2.5 (i.e., above the threshold S = 2 for entanglement and close to the maximally entangled value of S = 2 √ 2): The triangle and star are individually very clearly visible, with high contrast and no visible contribution of the other shape. The Sagnac interferometer can also be used to produce a mixed polarization state by rotating the λ2 wave plate to 0
• such that the PPKTP crystal is pumped in both directions around the Sagnac loop but there is no compensation for the SPDC-photon temporal walk-off occurring within the crystal.
Entangled state imaging of metasurface structures. Using the experimental layout shown in Fig. 1 , we generate an entangled state described by Eq. (2). We place the metasurface in the optical path of the signal photons with a polarization axis orientated at 45
• to the polarization of the photons. The state has the form
In this way, the experiment can be repeated with nonentangled photons with a Bell parameter that was measured to be S = Figure 4 shows the full results for these measurements (i.e., for varying angles of the selected herald photon polarization from 0
• to 360
• with a direct comparison to the theoretical predictions [32] ). In particular, we measure the visibility of the "triangle" image,
One could use the signal-to-noise ratio as a possible figure of merit. Here, we prefer to use the image visibility as this allows us to also make a direct connection to the Bell inequality tests (see below). For the case when the metasurface is aligned with the H-V axis of the input photons (ξ = 0
• ), the theory predicts V pure = V mixed = − cos(2φ). Alternatively, for the more interesting case in which the metasurface angle ξ = 45
• , we predict V mixed = 0 and V pure = − sin(2φ) (15) for the mixed and pure states, respectively. As can be seen in Fig. 4 , there is a good agreement between the experiment and theory, although the visibility is lower in the experiment due to background noise on the iCCD sensor. Nevertheless, the main features are clearly observable: Figs • with respect to the polarization of the input photons. In all figures, solid lines refer to an input mixed state and dashed lines refer to input pure states with a measured Bell parameter S = 2.5.
rise to clear oscillations in the triangle visibility. Each peak corresponds to all photons being in the triangle image and none in the star image and each trough corresponds to the opposite situation.
In Fig. 5 we show image visibility for the triangle as we gradually increase the degree of entanglement (increasing the Bell parameter S). The experimental points are shown as points with error bars (95% confidence bound of the sinusoidal fits to the curves shown, e.g., in Fig. 4 ). The solid line shows the theoretical prediction based on the model described above accounting also for the detector noise σ that was measured to be of order of 200 counts (∼10% of the maximum measured photocounts in the image area), i.e., V = (O − O )/(O + O + 2σ ). The data follow the theoretical expectation and highlight how the image visibility depends the degree of entanglement, dropping to zero for correlated but unentangled photon pairs and reaching maximum visibility for S = 2 √ 2 that is limited only by the noise on the camera. Conclusions. We have demonstrated an imaging protocol that is inherently dependent on the nonlocal and superposition properties between a pair of entangled photons. With input states that are entangled and under the assumption of only H and V photon illumination, it is possible to clearly distinguish the individual images imprinted on the metasurface, i.e., individual images become visible only in the presence of pure, entangled states. This functionality is the result of quantum interference occurring on the metasurface, in line with recent reports of "quantum metamaterials" [28, 29] .
The wavelength dependence of metasurfaces may create further opportunities for encrypting sequences of images at different wavelengths for single-photon communication channels and the diversity of metasurface designs also opens up the possibility of spatially multiplexed imaging systems which, when combined with time-resolved imaging, can be used for quantum state tomography and exploration of entangled states with imaging techniques. Specifically, this work can be used to build on that demonstrated by Wang et al. [29] whereby a metasurface was designed and fabricated for the purpose of reconstructing the density matrix of a two-photon polarization state. This work required the use of pairs of single-pixel detectors to perform many twophoton correlation measurements, and the number of individual measurements performed could be reduced using the imaging capabilities presented in this Rapid Communication. This becomes particularly advantageous when extending the process to higher-dimensional states as discussed in Ref. [29] .
